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We report on optical probing of the Coulomb interactions in an electrically driven exciton-polariton laser. By
positioning a weak non-resonant Gaussian continuous wave-beam with a diameter of 2 µm inside an electrical
condensate excited in a 20 µm diameter micropillar, we study a repulsion effect which is characteristic of the
part-excitonic nature of the microcavity system in strong coupling. It manifests itself in a modified real space
distribution of the emission pattern. Furthermore, polariton repulsion results in a continuous blueshift of the
emission with increased power of the probe beam. A Gross-Pitaevskii equation approach based on modeling
the electrical and optical potentials explains our experimental data.
Exciton-polaritons can be created in quantum well mi-
crocavity structures as a result of the strong coupling
of excitons and photons1,2. Their bosonic nature allows
the creation of a condensate3,4, which is inherently non-
equilibrium due to the dissipative character of the sys-
tem. Advantageous for the formation of this quantum
degenerate state is the small effective mass of the quasi-
particles which allows condensation up to room temper-
ature in wide bandgap semiconductors like ZnO5, GaN6
and organic materials7,8. This macroscopically occupied
state can show a variety of exciting many-body effects9.
One of the most interesting, from an application view-
point, is laser-like emission without the necessity for in-
version, already proposed in 199610. An advantage of
such polariton light sources is the possibility for very low
thresholds11. Furthermore, adding the fact that they can
exhibit up to shot-noise limited temporal coherence12,13
and considerable spatial coherence3,14, the polariton laser
is a promising future device for coherent ultra low power
consumption applications.
Only recently polariton lasing under electrical pump-
ing has been achieved15,16. The Coulomb interactions
emerging inside such a condensate are poorly under-
stood, compared to optically driven condensates in pla-
nar samples17,18 and micropillars19. The interaction con-
stants in purely optically driven condensates have been
under intense research with values ranging from 2-50
µeV ∗ µm219–22, most likely depending on different sam-
ple purities and excitation methods. The exact interac-
tive nature of the polariton therefore remains on open
topic. In optical experiments, the manipulation of the
matter part of the condensate has been successfully used
to achieve application relevant effects23–25, since the large
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nonlinearity of the polariton system enables energy effi-
cient switching processes, in comparison to traditional
VCSEL devices. Therefore, a precise understanding of
these interactions inherited from the excitonic part of
the polariton is a necessary step for future electrically
pumped device designs and is of interest to understand
the fundamental interactive nature of the electrically
formed condensates.
In this experiment, we place a weak spectrally far off
non-resonant continuous wave optical excitation at dif-
ferent positions inside the electrically pumped polariton
emission resolved in real space. This allows us to ma-
nipulate the potential energy landscape seen by the elec-
trically excited polaritons and enables the observation of
repulsion effects. This repulsion results in changes in the
spatial distribution of the polariton emission.
The investigated sample is comparable to the one in ref.15
and consists of 23(27) doped AlAs/GaAs distributed
Bragg reflectors (DBRs) in the bottom and top mirrors
respectively. The carbon doping of the top mirror allows
the injection of holes, while the silicon doped bottom
DBR structure facilitates electron injection. The Fabry-
Perot type cavity spacer is a λ cavity and contains four
InGaAs quantum wells (QWs) placed at the antinodes of
the electrical field inside the structure. The injected holes
and electrons then form excitons in the QWs. Figure 1a)
shows a sketch of our device and the experiment. We have
etched pillars with a diameter of 20 µm in the microcavity
which realizes a photonic potential and a more localized
current injection. After the etching the sample was pla-
narized by a polymer (benzocyclobuthene (BBC)). The
current injection is realized by the ring shaped gold con-
tacts on the micropillar, which also leave a 10 µm di-
ameter apperture for optical investigation and decay of
the polaritons out of the microcavity. The gold contacts
were defined by lithography and evaporated on top of the
1
j = 98 A/cm
2
Gold contact
e)
23x upper DBR
27x lower DBR
4x8nm InGaAs QWs
d)
d)
a)
E
n
e
rg
y
 (
e
V
)
Intensity (a.u.)
k ( m )װ μ
-1
-2 0 2
1.425
1.419
1.416
Current density (A/cm )
2
Current density (A/cm )
2
E
n
e
rg
y
 (
e
V
)
k ( m )װ μ
-1
20-2
In
te
n
s
it
y
 (
a
.u
.)
0.1
1
10
100
1000
10000
10 100 10 100
1.4172
1.4176
1.4180
BCB
Laser to manipulate the
electrical condensate
j = 45 A/cm
2
b) c)
L
in
e
w
id
th
 (
m
e
V
)
Current density (A/cm )
2
10 100
0.5
0.4
0.3
0.2
f)
0.9
0.8
Intensity (a.u.)
0.2
1
0.4
0.6
0.8
1
E
n
e
rg
y
 (
e
V
)
1.422
1.425
1.419
1.416
1.422
FIG. 1. a) Sketch of the electrically driven polariton laser and a scheme of the experiment, in which a laser beam produces a
repulsion effect in the polariton emission. b) Dispersion relation of the polariton emission at an electrical injection of j= 45
A/cm2, the dashed white lines show the exciton and cavity mode, while the black dashed lines shows the theoretical dispersions
of the lower and upper polariton branch. c) Dispersion in the condensate regime with a current of j= 98 A/cm2. d)/e)/f)
Input-output characteristic of the device showing intensity/blueshift/linewidth of the condensate emission determined by a
Lorentz fit from the integrated emission at k=0 ± 0.1 µm−1.
micropillar devices.
All our experiments have been performed at 5 T. The
magnetic field improves light-matter coupling due to an
increased Rabi-splitting26 and has beneficial effects on
the relaxation towards the groundstate15. The tempera-
ture was set to 5 K in a liquid helium cooled magneto-
cryostat. This low temperature increases the stability
of the excitons. The Q-factor was estimated from a low
power measurement at far red detuning of the sample
to be ∼6000, which enables polariton condensation due
to the high photon lifetime which is necessary for the
relaxation process. The Rabi-splitting of the sample is
5.5 meV (6 meV at 5 T), which was determined by re-
flection measurements. The detuning of the investigated
pillar sample was -3.5 meV at 5 T, which corresponds to
a fraction of 25 % exciton and 75 % photon.
The angle resolved electroluminescence spectrum can
be seen in figure 1b) and c), below and above thresh-
old respectively. To obtain these measurements, we used
a standard Fourier space setup27. The upper polariton
branch is not visible due to depletion resulting from fast
relaxation28,29. The linear regime below threshold shows
the characteristic discretized mode spectrum due to pho-
tonic confinement realized by the micropillar structure.
At high current densities, when the lasing threshold is
reached, stimulated scattering sets in and the polaritons
occupy a macroscopically populated groundstate, defined
by the micropillar trap. A weak emission of higher modes
is also observed, such a coexistence of polariton conden-
sates is a frequently observed phenomenon in open dis-
sipative systems.19,27. Figures 1d), e) and f) show the
input-output characteristics. These were obtained by in-
tegrating the emission around k = 0 ± 0.1 µm−1 and
applying a Lorentzian lineshape fit for different applied
currents. We observe a nonlinearity in intensity out-
put,a continued blueshift and a drop of the linewidth
above threshold at j= 72 A/cm2. This nonlinearity in
intensity marks the lasing threshold and the continued
blueshift above threshold is a sign of increased exciton-
exciton interactions30, typical for a polariton condensate.
The energy gap at the threshold stems from the intrinsic
bistability of our system31. Below threshold this blueshift
is linear and after condensation it obtains a logarithmic
shape as previously observed in32. At j= 200 A/cm2
a second threshold shows the system transitioning into
photon lasing.
In the experiment, the incoherent electrical pump
from the ring contact creates an almost rotational
symmetric condensate inside the micropillar structure
in real space as seen in figure 2a). The low fraction of
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FIG. 2. a) Real space image of the polariton condensate emis-
sion at an injection current of j= 100 A/cm2. b) The con-
densate with the same injection current, this time with an
additional optical Gaussian beam (658 nm, 5 mW) and an
edge pass filter for the laser. c) The real space position of the
beam is varied such that the condensate is repelled into the
other direction. d) Blueshift behavior with increased laser ex-
citation power. Theoretical ground state profiles from Eq. 1
without e) and with f), g) an additional laser drive. h) Power
dependence of the ground state energy shift. Parameters:
meff = 8.33 × 10−6 of the free electron mass, gR = 45.95,
Ppeak = 1.3meV, Γ = 0.13meV. The additional excitation
beam was positioned at (−0.2, 0.5) / (−0.2,−0.5)µm and had
a strength of 18 meV for (f) and (g).
higher polariton modes, which amount to approximately
2 % of the overall emission intensity, yields a sightly
non Gaussian real space emission shape. Figure 2b)
and c) show cases when we add an additional optical
beam (at 658 nm, 5 mW, highpass filter with a cut off
at 750 nm) inside the condensate. The beam diameter
is approximately 2 µm, focused by an objective with
f = 10 mm and NA = 0.4. At the spot of the optical
excitation the condensate is repelled, because the optical
pump creates an additional exciton- and a low density
polariton reservoir. This effect can be induced at any
position off center to move the condensate emission at
will to the edge of the ring structure. It is important to
notice that polariton condensation with only the optical
excitation at 658 nm could not be observed. Further-
more, above the photon lasing threshold, no repulsion
effects are observed. The repulsion is accompanied
by a continuous blueshift of the emission in fig. 2d).
Increasing the excitation power of the laser results in
repulsive interactions of the electrically driven polaritons
with the additional particles.
The theoretical description of exciton-polariton con-
densates in real space is often made by applying a
driven-dissipative mean-field Gross-Pitaevskii-type equa-
tion33,34. While such an equation represents a non-
Hermitian system, it can still be subjected to a modal
analysis, solving the linearized equations as a time-
independent Schro¨dinger equation35:
Enψn(x) =
(
−~
2∇2
2meff
+
(
gR +
i
2
)
P (x)− iΓ
2
)
ψn(x)
(1)
Here ψn(x) are non-Hermitian modes with energies En.
meff is the polariton effective mass. P (x) = Pe(x)+Pl(x)
is the pumping strength, being composed of a ring shaped
electrical driving Pe(x) and a Gaussian shaped laser driv-
ing Pl(x). gR describes the repulsive interactions between
a reservoir of exciton states created by the driving and
polaritons. For simplicity, these are assumed stronger
than the interactions between polaritons themselves. Γ
is the polariton decay rate.
The ground-state wavefunctions obtained from Eq. 1
are shown in Fig.s 2e) and 2f), in the cases without and
with the additional laser excitation. These demonstrate
the optically induced repulsion of the experiment, con-
sistent with the condensation of polaritons in the ground
state. Figure 2g) illustrates that the repulsion effect
can also be induced at another position. The theoret-
ically calculated dependence of the ground state energy
on the optical excitation power (Fig. 2h)) has a sublinear
dependence, which is expected due to reduced overlap
of repelled wavefunctions with the increasing optically-
induced potential.
In conclusion, we have demonstrated the possibility to
probe the Coulomb interactions and the quantum fluid
nature of the electrically driven polariton condensate by
an additional optically induced potential. The observed
repulsion effects can be theoretically described by super-
position of a Gaussian potential and the ring shaped elec-
trical pump. This opens up the possibility to further ma-
nipulate the electrical condensate with additional optical
external potentials to achieve control over the polariton
flow for electrical polariton logic elements.
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